Introduction
Harvesting potentially creates a mixture of selective pressures acting in parallel both directly and indirectly on life-history traits. In particular, size-selective harvesting directly selects against an old age, thus favoring early-maturing genotypes, and against large-bodied individuals at a given age, thus favoring slow-growing genotypes (1) . This direct, "brute-force" warping of naturally-selected fitness landscapes is currently the prevailing model to explain harvest-induced evolution in wild populations (1) (2) (3) . However, in parallel harvesting also lowers population densities and is thus susceptible to indirectly warp the naturally-selected fitness landscape through relaxing the strength of densitydependent natural selection (4), also known as K-selection (5) (6) (7) . So far, however, this densitydependent pathway to harvest-induced selection remains unexplored empirically or experimentally. To bridge this gap in our knowledge, we conducted a 5-year size-selective harvesting experiment on 12 populations of medaka fish (Oryzias latipes) maintained in outdoor ponds under natural conditions with no artificial feeding, followed by a 1-generation common garden experiment in the laboratory. The 12 founder medaka populations originated from parents wild-caught in Kiyosu (Japan).
In ponds, our experimental size-selective fishery removed 81% of the catch (catch rate = 98%) by specifically targeting large-sized individuals (Fig. 1a) , and thus successfully reproduced a typical direct harvest selection pattern. In parallel, our experimental fishery relaxed negative density-dependence in medaka populations. Pond medaka populations followed Ricker stock-recruitment dynamics (Fig. 1b) , a population dynamics model used in many fisheries management schemes (8) . Fishing consistently decreased stock (population size in March) density below ca. 50 individuals (red squares in Fig. 1b ), a density region in which increasing stock size had a positive effect on the number of summer-born juveniles (recruitment, black curves, Fig. 1b ), indicating demographic "undercompensation" due to density-independence of vital rates (9) . In contrast, unharvested populations had stock sizes above ca. 50 individuals (blue triangles in Fig. 1b ), a density region where increasing stock size had a negative effect on recruitment, indicating demographic "overcompensation" due negative density-dependence of vital rates (black curves, Fig. 1b ).
Overcompensating recruitment may operate through decreased fecundity and/or through increased mortality. To discriminate between the two mechanisms, we counted newborn larvae hiding in artificial vegetation in each pond during 3 years. In harvested populations, newborn medaka larvae were on average less numerous than in unharvested populations (P-value = 0.003, Fig. 2 , Table S1 ), but average recruit numbers were similar among unharvested and harvested populations (85 vs. 73 recruits respectively, Fig. 1b , non statistically-significant difference), indicating that overcompensating recruitment was mediated by increased post-larval mortality in medaka populations. 4/34 Density-dependent post-larval mortality is expected to select for a larger body size and delayed reproductive investment. Experiments with Drosophila demonstrated that resource competition under a high density favors the evolution of increased food intake and/or conversion efficiency, ultimately resulting in faster somatic growth rates under standardized food conditions (10, 11) . In fish, cannibalism is a further source of density-dependent mortality also predicted to favor faster somatic growth to larger body sizes (12, 13) . Finally, high density and food limitation are expected to select for a delayed reproduction at a larger body size (6, 14, 15) , a prediction that was validated in Drosophila (15) . Therefore, we predicted that, exactly like direct harvest selection, harvest-induced relaxation of K-selection should have favored slower somatic growth rates and earlier maturation in medaka.
In a previous laboratory selection experiment, Kiyosu medaka were unable to respond to selection for a smaller body size but were able to respond to selection for a larger body size (16) . This previous result suggests that any harvest-induced change in somatic growth or maturation evolved by pond medaka in the present experiment would more likely result from K-selection than from direct fishery selection.
However, a further, efficient way to discriminate between the direct vs. density-mediated effects of harvesting is through the measurement of interactions between harvest treatments and food levels on trait expression (17-20). This is because the genes that control a given trait are often environmentspecific (18-22). Consequently, trait differences measured under different standardized environments may be used to infer the direction of selection in each environment (17, 19, 20) .
For instance, mice selected for a fast (slow) somatic growth in a high-food environment grow faster (slower) than unselected mice, but only in a high-food environment (18, 19) . In contrast, mice selected on somatic growth in a low-food environment showed a phenotypic response to selection under both a low-and high-food environments, suggesting that selection on somatic growth in a low-food environment tends to erase the sensitivity of growth to food variation (18) (19) (20) . Following this rationale, we predicted that somatic growth response to direct, density-independent harvest selection in medaka should be manifest in a high-food environment, while somatic growth response to K-selection should be manifest in any food environment (19, 20) .
Evolution of maturation is also expected to be contingent upon the food environment. For instance, predation-induced evolution towards earlier maturation in guppies Poecilia reticulata is more pronounced under a high-food environment because predators decrease guppy density and thus select in a high-food environment (17). Hence, we further predicted in medaka that maturation response to direct, density-independent harvest selection should be more pronounced in a high-food environment, while maturation response to K-selection should be more pronounced under a low-food environment (17).
Results
To test these predictions we measured in the laboratory the somatic growth of F 1 progeny from pondsampled parents. We applied a low-, medium-and high-food regimes intended to mimic the environmental effects of an increasing harvest intensity from feeding the progeny once every second day to feeding twice daily.
Under all three food environments, harvested medaka grew significantly slower than unharvested medaka (low food P-value = 0.008, medium food P-value < 0.001, high food P-value = 0.002, Fig. 3a ).
Accordingly, a deviance analysis shows that there was no significant harvest by food interaction (Pvalue = 0.2650, Table 1 ), indicating that the amplitude of harvest-induced decrease in somatic growth was food-independent. This result suggests that medaka responded to selection for fast-growth in a low-food environment (19, 20), i.e., responded to K-selection for faster somatic growth, but not to direct harvest selection for slower somatic growth in a high-food environment. This result is further in line with our previous finding that medaka from Kiyosu are unable to respond to selection for slower somatic growth under laboratory conditions but that they do respond to selection for faster somatic growth (see above).
Supporting our second prediction, a deviance analysis shows that the effect of harvesting on the agedependency of maturation was significantly food-dependent (Age × Harvesting × Food interaction, Table 1 ). Specifically, harvesting changed the size-corrected effect of age on maturation probability from significantly positive (P-value = 0.025, Table S1 ) to significantly negative (P-value = 0.020, Table S1 ), reflecting that harvesting induced earlier maturation only in a low-food environment ( Fig. 3b ). These results suggest that medaka responded to selection for delayed maturation in a lowfood environment (17), i.e., responded to K-selection, but not to direct harvest selection for earlier maturation in a high-food environment. In line with this result, we previously found that Kiyosu medaka are unable to respond to selection for earlier maturation in the laboratory (16) .
K-selected changes in somatic growth and maturation may be mediated by combined changes in energy
acquisition, assimilation or allocation rates. To gain insights into these regulatory pathways we measured acquisition rates through individual feeding trials on laboratory-born F 1 individuals. We 7/34 starved fish overnight, presented them with 20 prey (nauplii of Artemia salina), and counted the number of prey eaten during 5 minutes (repeated 3 times per individual).
Progeny from harvested populations ate significantly less prey than progeny from unharvested populations, but only in a medium-food environment (P-value = 0.011, Fig. 3c ). This result suggest that changes occurred in all three pathways of energy acquisition, assimilation and allocation, but that the respective contributions of these pathways to the expression of life-history change was environmentspecific. In a low-food environment, slower somatic growth ( Fig. 3a ), earlier maturation ( Fig. 3b ) but unchanged energy acquisition ( Fig. 3c , P-value = 0.523) in harvested medaka together suggest energy re-allocation from growth to reproduction. In a medium-food environment, the slower somatic growth ( Fig. 3a ) of in harvested medaka was apparently mediated by decreased energy acquisition ( Fig. 3c ), but unchanged maturation ( Fig. 3b ) also suggests energy re-allocation from growth to reproduction.
Finally in a high-food environment, slower somatic growth ( Fig. 3a ) but unchanged rates of maturation ( Fig. 3b ) and energy acquisition ( Fig. 3c , P-value = 0.424) together suggest decreased energy assimilation rates in harvested medaka. These results are consistent with previous studies showing that evolution towards slower somatic growth in fish may be underlaid by decreases in food consumption rate and conversion efficiency (23).
Discussion
Our results demonstrate that harvesting caused evolution towards slower somatic growth and earlier maturation in medaka through relaxed K-selection. However, in ponds the body size of 0+ juvenile medaka did not show any statistically significant temporal trend in harvested or unharvested where decreased environment quality selects for higher competitive ability but, as highly competitive genotypes spread in the population the environment further deteriorates, resulting in no detectable effects on phenotypes (24, 25). Such cryptic "Red Queen" evolutionary dynamics are expected in all density-dependent populations and are thus probably commonplace in harvested systems. However, their detection requires using common garden experiments or specific quantitative genetic methods (24, 25), and studies of harvest-induced trait change based on field data published so far thus maybe underestimate potential for harvest-induced evolution.
The direct and density-dependent pathways to harvest-induced selection act in the same direction on life-history traits, but have different implications for management. Phenotypic changes from direct harvest selection may be alleviated by moulding the shape of artificial selection onto the shape of natural selection through, for instance, adjusting gear selectivity. In contrast, the consequences of density-dependent harvest selection can be alleviated only by relaxing the harvest effort (4).
Additionally, post-moratorium phenotypic recovery from direct harvest selection is expectedly slow because the strength of natural selection is predicted to be constant and modest relative to the strength of harvest selection. In contrast, recovery from density-dependent harvest selection should be rapid because natural selection strengthens when fishing is relaxed (13) .
Recent studies have shown that predator-induced life-history evolution may be, at least partly, mediated by relaxed K-selection (26) and by an associated adaptation to increased food availability (17). Our study reinforces and extends these previous results by experimentally demonstrating that harvestinduced trait changes previously ascribed to direct, density-independent selection in the literature may, in fact, have also emerged through a relaxation of K-selection. Hence, the more ecologically sustainable harvesting strategies also produce smaller evolutionary changes (4), and the next-generation harvest management methods should thus converge towards an integration of the reciprocal effects between ecological dynamics and rapid evolutionary change.
Materials and Methods

Pond medaka populations
Origin and maintenance
Our start medaka populations descended from 100 wild medaka caught in Kiyosu (27) 
Medaka harvesting and phenotyping in ponds
From 2012 to 2016, each of the 12 pond populations was sampled in March before medaka reproduction (pre-recruitment) and in November after medaka reproduction (post-recruitment). Fish were concentrated using a seine net and then fished using handnets (catchability = 98 ± 0.6% SD estimated using removal sampling). All sampled fish were individually weighted to the nearest mg and estimated for standard body length (from the tip of the snout to the base of the caudal fin) using a body mass-length relationship (R 2 = 0.98 on a log-log scale, n = 2722). In March in the 6 harvested populations all the fish that were too large to pass through a 2 mm-wide screen were removed, while in unharvested populations all fish were released after phenotyping. In November, all fish from both harvested and unharvested populations were released after phenotyping.
Larvae counts
We visually counted the number of newly-hatched larvae hiding in each pair of floating plastic brushes (summed for the two brush pairs) from one to three times per day at irregular intervals during the 2014, 2015 and 2016 spawning periods (April to September).
Medaka F 1 in the laboratory
Parental fish
In November 2016, between 6 and 10 individuals were randomly kept from each of the 12 pond populations to serve as parents for a F 1 generation in the laboratory. These parental fish were maintained in a greenhouse at air temperature in 12, 150L tanks with live food. In January 2017, parental fish were weighted to the nearest mg, measured for standard body length with ImageJ, and grouped to form 3 breeding pairs per population (except one harvested population that had only one female). Each of the resultant 36 pairs was transferred to the laboratory in a 3.5L aquarium and induced to spawn by progressively raising temperature to 27.0 ± 0.3°C and setting a 15-h light:9h dark photoperiod. Dry food (Skretting Gemma Micro) was provided twice per day and live nauplii of Artemia salina once per day. After initiation of spawning by all breeding pairs, eggs from each breeding pair were collected daily during a 4-day period, enumerated and incubated in separate jars so as to keep track of individual parental identity (but not spawning day). We found no significant effect of the harvest treatment on parental body size, body condition, fertility or fecundity.
F 1 progeny phenotyping and food environments
We collected F 1 larvae born from the 7 th to the 10th day after the weighted average date of spawning.
Larvae hatched from the same breeding pair on the same day were transferred to 1.5L aquariums by groups of 3 larvae, and were maintained under the same temperature and light regime as their parents.
We kept 1-4 groups of F 1 larvae per breeding pair (average 2.9 groups per breeding pair). At 15 days post hatch (dph), all F 1 individuals were weighted and measured as described above and only one individual per aquarium was randomly kept for subsequent phenotyping, making it possible to track individual developmental trajectories. Individual phenotyping was repeated at 30 dph, 40 dph and then once per week until 90 dph (11 individual measurements). From 40 dph onwards, phenotyping further included detection of the maturity status from the presence of secondary sexual characters (28).
Specifically, the maturity criteria were first appearance of a round-shaped anal papilla in females, and of the papillar process on the anal fin in males. Additionally, at around 48, 56 and 63 dph, each individual F 1 medaka was measured for feeding rate. We counted the number of live prey (nauplii of Artemia salina) eaten when the medaka was placed alone with 20 prey during 5 minutes in a 80 mL container. Medaka were starved overnight prior to each behavioural test.
Medaka age was inferred by fitting a mixture of two Gaussian distributions to individual standard body lengths measurements (n = 17908). We further estimated temporal trends in body size of November 0+ recruits (n = 9688 individuals) using a version of the Gaussian mixture model that was modified to include a harvest treatment-specific (n = 2 treatments) hierarchical regression of mean recruit standard body length on year of sampling (n = 5 years). We estimated the relationship between individual standard body length and probability to survive through the fishery in March (n = 3970 individuals) using a mixed effects Bernoulli GLM with a logit link function. The Gaussian mixture model described above allowed us to estimate the number of November 0+ recruits in each pond and year. We then visualized the strength of negative density-dependence in pond medaka populations by plotting Ricker "stock-recruitment" relationships ( Fig. 1b) . Finally, larvae counts in ponds were modelled using a mixed-effects zero-inflated negative binomial model, which parameter estimates are provided in Table   S1 .
Analysis of laboratory data
We estimated the effects of harvesting and food environments on the growth trajectories of F 1 progeny in the laboratory using a second order polynomial regression of standard body length on age (parameter estimates provided in Table S1 ). We fitted probabilistic maturation reaction norms (PMRNs) to medaka maturation data using the "direct estimation" method for PMRNs (29) in a mixed-effects Bernoulli GLM with a logit link function (parameter estimates provided in Table S1 ). Counts of the number of nauplii larvae eaten by individual medaka were modelled using a mixed-effects zero-inflated negative binomial model (parameter estimates provided in Table S1 ). 14 Competing interests. The authors declare no competing interests.
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Statistical analyses
Medaka aging in ponds
Medaka juveniles are too small to be tagged and, unlike in Japan (1, 2) , no winter check was deposited in medaka otoliths in our experimental populations. We therefore relied on analysis of length-frequency distributions to infer medaka age. We fitted a mixture of two Gaussian distributions to individual standard body lengths Sdl i : where i indexes individuals (n = 17908), j indexes age groups (0+ vs. 1+ and older such that J = 2), k indexes a sampling event, i.e., indexes one population in a particular year and month ( K = 109 sampling events), N is the normal distribution, and U is the uniform distribution.
H [k ] indexes the harvest treatment (harvested vs. non harvested) associated with sampling event k . π j ,k is the proportion of age j individuals at each sampling event k such as for each k :
Indexes in line 1 in Eq. 1a show that our model estimated a mean standard body length separately for each age group at each sampling event, while body length variance was assumed to vary only with age.
Line 2 in Eq. 1a shows that we assumed the mean standard body length of age 1+ and older medaka at each sampling event μ 2,k to be a normally-distributed random variable with mean specific to each harvest treatment, because harvesting was expected to restrict the maximum age and size of medaka.
Lines 3-4 in Eq. 1a show that mean standard body length of 0+ medaka at each sampling event μ 1, k was estimated as proportional to μ 2,k with a proportionality constant δ k following a uniform distribution U between 0 and 1. Model 1 provided us with MCMC age samples for each individual fish in the dataset, allowing us to compute age-specific survival rates through the fishery.
We estimated temporal trends in mean standard body length of November 0+ recruits using a modified version of model 1 that included a hierarchical regression: are harvest treatment-specific temporal regression parameters, and Year was scaled to 0 mean.
Other variables and subscripts are as described above.
Fishery exploitation rate and selection in ponds
We estimated the relationship between individual standard body length and probability to survive through the fishery using a Bernoulli GLM with a logit link function:
where subscripts i and j index individuals (n = 3970) and groups, respectively, to which individuals belong. There was n = 6 fished populations and n = 5 sampling years, yielding j=1,2…30 groups. Finally, Bern is the Bernoulli distribution, and ln is the natural logarithm.
Eq. 2 indicates that we modelled the intercept and slope of the survival-mass relationship as normallyvarying among groups j , including a correlation parameter ρ between intercept and slope. Parameter estimates α 0 and β 0 from Eq. 2 define a mean size-dependent survival function s ( Sdl)=1 /(1+exp(−(α 0 +β 0 Sdl ))) plotted in Fig. 1a .
Stock-recruitment relationship in ponds
Model (1) described above allowed us to estimate the number R k of 0+ medaka (recruits) at each November sampling event k (n = 60 November sampling events). We then visualized the strength of negative density-dependence in pond medaka populations by plotting ( Fig. 1b 
where P is the Poisson distribution and Year [k ] indexes indicate that one Ricker curve was fitted for each year from 2012 to 2016.
Larvae counts
Larvae counts L followed a zero-inflated negative binomial distribution and were modelled as (4): The θ latent variable for absence of larvae was modelled as a Bernoulli process having a linear dependency on the day of year:
where B is the Bernoulli distribution with probability for absence of larvae ψ . (Table S1 ). The structure of harvest-induced evolution
Somatic growth trajectories of F 1 progeny in the laboratory
We estimated the effects of harvesting and food environments on medaka growth trajectories using a second order polynomial regression of standard body length on age: In this model, we assumed both linear somatic growth rate and the regression of (ln-transformed) residuals variance on age to be different among harvest treatments and food environments (lines 2 and 5 in Eq. 5, respectively). In contrast, size-at-hatch β H [i] was allowed to vary only due to harvest treatment because food environments were applied only starting from 15 dph.
Probabilistic maturation reaction norms of F 1 progeny in the laboratory
Probabilistic maturation reaction norms (PMRNs) describe the probability that an immature individual at a given age and size will mature during a given interval of time (5) . Provided that plasticity in the plasticity on maturation. PMRNs have been extensively used to explore genetic effects of exploitation on the maturation process in wild populations (6, 7) . Following the "direct estimation" method for PMRNs (7) , we fitted a Bernouilli model to individual medaka maturity (0 or 1) data y i , truncated so as to keep only the first maturity event for each individual:
where Μ is maturity probability. Other subscripts or variables are as described above. Eq. 6 shows that we allowed harvest-specific intercept and slopes of age and standard body length effects on maturation probability. Harvest-specific PMRNs corresponding to length at 50% maturation probability for each age in each treatment group H was then computed as Sdl 50 H =−(β H + γ H Age)/δ H .
Predatory behaviour of F 1 progeny in the laboratory
Counts C i of number of prey eaten by individual medaka followed a zero-inflated negative binomial distribution and were modelled similarly as larvae counts in model 4 above: 
where δ I is a normally-distributed random individual effect.
Analysis of deviance
We tested for the overall statistical significance of harvest by food interaction on somatic growth and maturation in the laboratory using analyses of deviance. Specifically, we fitted the following models:
and
where variables are as in models (5) and (6) . We then used an F test to evaluate the significance of each predictor separately ( iterations until parameter convergence was reached, as assessed using the Gelman-Rubin statistic (11) .
Parameter estimates for models 4-7 are provided in Table S1 . Statistical significance of harvest-and food-treatment effects reported in the main text was assessed from the posterior distributions of parameter differences in a test equivalent to a bilateral t test. In these tests, the MCMC P-value was twice the proportion of the posterior for which the sign was opposite to that of the mean posterior value. For instance, in Eq. 4a the posterior differences β H =1 −β H =0 and δ H =1 −δ H =0 measure the effect of harvest treatment (H = 0 for unharvested, H = 1 for harvested) on intercept and slope of day effect for ln( λ) , respectively.
Priors were chosen to be weakly informative. In model 1 we used a Dirichlet prior for the π j ,k and prevented label switching by assigning age class 0+ to fish shorter than 8 mm and age class 1+ and older to fish longer than 35 mm (12) .
We assessed goodness of fit of our models by using a Bayesian P-value (13) . Briefly, we computed residuals for the actual data as well as for synthetic data simulated from estimated model parameters 
